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INTRODUCTION 

Atmospheric f l u i d i z e d  bed combustion (AFBC) i s  be ing  developed as a cos t -  

An e a r l i e r  s t a t e - o f - t h e - a r t  a s ses smen t  (EPRI F i n a l  Report  FP-308) 
e f f e c t i v e ,  l ow-po l lu t ing  method of d i r e c t  c o a l  u t i l i z a t i o n  f o r  e lec t r ic  power 
gene ra t ion .  
concluded t h a t  t h e  e x i s t i n g  AFBC d a t a  base  was inadequa te  f o r  t h e  des ign  o f  
u t i l i t y - s c a l e  u n i t s  -- t h a t  is, t h e  a v a i l a b l e  d a t a  v e r e  l i m i t e d  i n  scope ,  and s i n c e  
t h e y  had been d e r i v e d  main ly  from l a b o r a t o r y - s c a l e  equipment,  i t  was d o u b t f u l  
whether  they  cou ld  be a p p l i e d  t o  t h e  des ign  of u t i l i t y  b o i l e r s .  The need f o r  a 
l a r g e ,  well- in s t rumen ted  f a c i l i t y  capab le  of long-term t e s t i n g  was c l e a r l y  
i n d i c a t e d .  

A s  a r e s u l t ,  a 6- foot  x 6-foot  (6 '  x 6 ' )  AFBC Development F a c i l i t y  was b u i l t  a t  
The Babcock & Wilcox Research  C e n t e r  i n  A l l i a n c e ,  Ohio. A comple te  d e s c r i p t i o n  of 
t h e  f a c i l i t y  des ign  d e t a i l s  a r e  con ta ined  i n  EPKI F i n a l  Repor t  CS-1688. 

PROJECT RESULTS 

Cons t ruc t ion  of t h e  6 '  x 6 '  f a c i l i t y  was completed i n  October  1977. Following 
a 5-month s t a r t u p  and debugging  phase ,  t h e  f i r s t  t e s t  ser ies  was begun i n  Apr i l  
1978. S ince  then ,  approx ima te ly  2000 hour s  of t e s t i n g  p e r  yea r  have been logged a t  
t h e  f a c i l i t y .  The f a c i l i t y  has  demonst ra ted  t h e  c a p a b i l i t y  f o r  long-term, s teady-  
s t a t e  ope ra t ion ,  w i t h  tests t y p i c a l l y  l a s t i n g  from 300 t o  500 hours .  The AFBC u n i t  
is l a r g e  enough t o  r e s u l t  i n  gas - so l id  r e s i d e n c e  times f o r  t h e  va r ious  zones of t h e  
combustor t h a t  are  t y p i c a l  of t h o s e  expec ted  f o r  u t i l i t y - s c a l e  u n i t s .  A wide range 
of c o n d i t i o n s  can  be t e s t e d  a t  t h e  f a c i l i t y .  Also,  t h e  computerized d a t a  
a c q u i s i t i o n  sys tem has  been shown t o  p rov ide  a c c u r a t e ,  comprehensive documentation 
of t h e  t es t  r e s u l t s .  
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SUMMARY OF TESTS 

T e s t i n g  completed as of J u l y  1981, a l o n g  w i t h  a s h o r t  d e s c r i p t i o n  of each  test 
Series is  Summarized below: 

Tes t  
seriee 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I 1  

I2 
13 

14 

I5 
16 

17 
18 

19 

20 

21 

2 2  

23 

__ Date 

Hay 1978 

June 1978 

A u g u r  1978 

September 1978 

November 1978 

February 1979 

Hareh 1979 

Hay 1979 

June 1979 

J u l y  1979 

August 1979 

kcember  1979 

January 1980 

February 1980 

Apr i l  1980 

Hay 1980 

June 1980 

July 1980 

October 1980 

December 1980 

January 1981 

March 1981 

June 1981 

- 
H0"rS 

F i r i n g  
Coal 

277 

248 

278 

241 

204 

406 

171 

427  

298 

194 

96 

265 

318 

277 

382 

147 

344 

326 

365 

344 
170 

380 

485 

- comments 

l n i t i a l  c h a r a c t e r i z a t i o n  

Long dura t ion  t e s t  t o  c h a r a c t e r i z e  performance 

Recycle 

Coal sire "Briat ion,  temperature  Var i a t ion  

Limestone and coal sire v a r i a t i o n ,  temperature  VariatiOO 

New d i s t r l b v t o r  p l a t e ,  B a t t e l l e  emiseion t e s t i n g  - P i t t s b u r g h  t 8  coal 

Sing le  c o d  f eed  po in t  - 36 f t 2 ,  bed depth v a r i a t i o n ,  coal and l imestone v a r i a t i o n  

Recycle; underbed s i n g l e  point .  temperature  v a r i a t i o n  

Coal si*e "Briat io" ,  ternperamre v a r i a t i o n  

Recycle;  overbed and 4-point underbed with coal and l imes tone  

Pu lve r i zed  eaal 
New in-bed tube bundle, new baghouse, GCA emission t e s t i n g  - Pi t t sbu rgh  1 8  coal 

Recycle; underbed s i n g l e  po in t .  l i m e e t m e  sire v a r i a t i o n ,  excess t r a n s p o r t  a i r  

Recycle; underbed s i n g l e  po in t  and overbed. slumped bed hea t  t r a n s f e r  s tudy t e s t  

F u l l e r  Kinyon pump c h a r a c r e r i r a t i o n .  baghouse r ecyc le ,  l i g n i t e  t e a t  

Turndown (s lumping)  t e s ~  

Limestone size v a r i a t i o n ,  c e n t e r  r ecyc le  

New d i8 t r ibv tc i r  p l a t e .  4 f t l a e e  c h a r a c t e r i z a t i o n  test 
4 f t l e e c  t e s t i n g ,  recycle 

Feed nozz le  des ign  t e s t i n g .  8 f t l a e e  

Feed nozz le  des ign  t e s t i n g ,  8 f t l s e c  

NO reduct io .  t e a t #  

1 2  f t l s e c  t e s t i n g  

S i g n i f i c a n t  d a t a  were gene ra t ed  i n  t h e  areas of f l y  a s h  r e c y c l e ,  c o a l  p a r t i c l e  
s i z e ,  l imes tone  p a r t i c l e  s i z e ,  5 f t / s e c ,  8 f t / s e c ,  and 12 f t / s e c  f l u i d i z i n g  v e l o c i t y  
o p e r a t i o n ,  combustion of l i g n i t e ,  and  n i t r o g e n  ox ide  r educ t ion .  T e s t i n g  con t inued  
t o  emphasize f l y  a s h  r e c y c l e  as a means of improving combustion e f f i c i e n c y  and  
s u l f u r  cap tu re .  In a d d i t i o n  t o  c e n t e r  underbed r e c y c l e ,  overbed  r e c y c l e  wi th  
g r a v i t y  and pneumatic f e e d  as w e l l  as baghouse a s h  r e c y c l e  c o n f i g u r a t i o n s  were 
t e s t e d .  Recycled f l y  a s h  t e s t i n g  con t inued  t o  r e s u l t  i n  combustion e f f i c i e n c i e s  on 
t h e  o r d e r  of 98%. The h i g h l y  s u c c e s s f u l  l i g n i t e  t es t  r e s u l t e d  i n  combustion 
e f f i c i e n c i e s  approaching  99%. The l i g n i t e  t es t  proved t h e  c a p a b i l i t y  of a f l u i d i z e d  
bed combustor (FBC) t o  combust f u e l s  which c a n  be t roublesome.  One test  was devoted 
t o  t e s t i n g  f eed  n o z z l e s  des igned  t o  p reven t  f e e d l i n e  p luggage  d u r i n g  slumping. A 
power outage  s i m u l a t i o n  tes t  was a l s o  c a r r i e d  ou t .  The tes t  w a s  des igned  t o  
de te rmine  minimum f low rates through t h e  in-bed tube  bundle  r e q u i r e d  t o  p reven t  tube 
ove rhea t ing  du r ing  a power outage .  R e s u l t s  i n d i c a t e d  t h a t  t ube  o v e r h e a t i n g  may be 
p reven ted  w i t h  minimal d e s i g n  c o n s i d e r a t i o n s .  

T e s t s  were a l s o  conducted  t o  e v a l u a t e  bed h e i g h t  r e d u c t i o n  a s  a means of load  
c o n t r o l  i n  a n  AFBC f a c i l i t y .  These v a r i a b l e  bed h e i g h t  t es t s  provided  t h e  d a t a  
needed t o  des ign  an au tomat i c  l oad  c o n t r o l  sys tem t h a t  w i l l  be i n s t a l l e d  on t h e  
6 '  x 6'  i n  1982. 

One s e r i e s  of t es t s  was devoted  t o  two-stage combustion, i . e . ,  a l l owing  a 
p o r t i o n  of t h e  f o r c e d  d r a f t  a i r  t o  bypass t h e  bed, recombining w i t h  t h e  f l u i d i z i n g  
g a s  i n  t h e  f r e e b o a r d  reg ion .  These tests, aimed a t  N O  r e d u c t i o n ,  are d i s c u s s e d  
l a t e r  i n  t h i s  paper.  

A s i g n i f i c a n t  amount of d a t a  cove r ing  AFBC have been g e n e r a t e d  on t h e  6' x 6 ' .  
Some of t h e s e  d a t a  have been summarized and d i s c u s s e d  i n  v a r i o u s  t e c h n i c a l  pape r s  
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and,  t h e r e f o r e ,  w i l l  no t  be r e p e a t e d  i n  t h i s  paper.  
ox ide  r educ t ion  a r e  t h e  two items t h a t  w i l l  be d i scussed  i n  t h e  fo l lowing  sec t ions .  

S u l f u r  c a p t u r e  and n i t r o g e n  

SULFUR CAPTURE 

No Fly  Ash Recycle 

Numerous non-recyc le  tests have been run on t h e  6' x 6 '  AFBC a t  a f l u i d i z i n g  
v e l o c i t y  n e a r  8 f t / s e c .  This  l a r g e  d a t a  bank p rov ides  in fo rma t ion  enab l ing  a b e t t e r  
unders tanding  of s u l f u r  c a p t u r e  w i t h  v a r i o u s  o p e r a t i n g  parameters .  
pe rcen t  s u l f u r  removal v e r s u s  ca l c ium- to - su l fu r  r a t i o  showed t h a t  s u l f u r  removal is 
a s t r o n g  f u n c t i o n  of t h e  amount of f r e s h  l imes tone  f eed  (F igu re  1). However, t h e  
d a t a  i s  q u i t e  s c a t t e r e d ,  i n d i c a t i n g  t h a t  o t h e r  f a c t o r s  such as p a r t i c l e  s i z e ,  
en t ra inment  loss ,  bed t empera tu re ,  c o a l  combustion, and s u l f u r  r e l e a s e  l e v e l  may 
a l s o  have a s i g n i f i c a n t  i n f l u e n c e  on s u l f u r  c a p t u r e  e f f i c i e n c y .  To more thoroughly 
i n v e s t i g a t e  t h e s e  f a c t o r s ,  d a t a  from a narrow range  of Ca/S r a t i o  were sub jec t ed  t o  
a n a l y s i s .  S u l f u r  removal w a s  shown t o  be r e l a t e d  t o  t h e  s i z e  of l imes tone  being f ed  
i n t o  the  u n i t  (F igu re  2). The p l o t  i n d i c a t e s  t h a t  l a r g e r  l imes tone  f eed  s i z e s  
r e s u l t  i n  a decreased  a b i l i t y  t o  remove s u l f u r ,  a t r e n d  which i s  most pronounced a t  
h i g h e r  Ca/S va lues .  T h i s  s u g g e s t s  t h a t  t h e  e f f e c t  of t h e  f r e s h  l imes tone  feed  i s  
predominant s i n c e  t h e  s p e n t  bed l i m e  u t i l i z a t i o n  i n  t h e s e  t e s t s  range between 23% 
and 40%. Consequent ly ,  t h e  r a t e  of s u l f u r  c a p t u r e  f o r  t h e  bed m a t e r i a l  i s  many 
t imes  smal le r  than  f o r  f r e s h l y  c a l c i n e d  l imes tone  a t  a l l  s i z e  ranges  t h a t  e x i s t  
w i t h i n  t h e  FBC u n i t .  For ave rage  l imes tone  f e e d  s i z e s  below 1200 microns  
(weight-mass a v e r a g e ) ,  a s i g n i f i c a n t  drop i n  s u l f u r  r e t e n t i o n  occur red  a s  a r e s u l t  
of h igh  e l u t r i a t i o n  loss  of l i m e s t o n e  f eed .  F u r t h e r  a n a l y s e s  were performed by 
r e s t r i c t i n g  bo th  t h e  Ca/S r a t i o  and l imes tone  f eed  s i z e .  The d a t a  s c a t t e r ,  ev ident  
i n  F igure  2 ,  was found t o  be r e l a t e d  t o  t h e  e f f e c t s  of bed p a r t i c l e  s i z e ,  e x t e n t  of 
bed l ime u t i l i z a t i o n ,  and bed voidage  ( F i g u r e s  3 and 4 ) .  Su l fu r  removal decreases  
wi th :  

A p l o t  of 

1. An i n c r e a s e  i n  bed par t ic le  s i z e  f o r  a narrow range of bed l ime 
. u t i l i z a t i o n  (0.30 - 0.33).  

2. High bed l ime u t i l i z a t i o n .  

3. Higher bed voidage .  

Also,  spent  bed l i m e  u t i l i z a t i o n  is  r e l a t e d  t o  both  r e s i d e n c e  t ime and Ca/S feed 
r a t i o ,  reaching  35% wi th  a r e s i d e n c e  t i m e  of 13 hours  a t  a Ca/S of 2.5 (F igu re  5).  

I n c r e a s i n g  t h e  f l u i d i z i n g  v e l o c i t y  t o  1 2  f t / s e c  r e s u l t e d  i n  lower s u l f u r  
c a p t u r e ,  as shown i n  Table  1. We b e l i e v e  t h e  causes  of t h i s  r educ t ion  t o  be: 
1 )  h ighe r  e l u t r i a t i o n  of l imes tone  from t h e  bed, and 2)  i n c r e a s e d  f r eeboa rd  
combustion of c o a l  and i t s  v o l a t i l e  ma t t e r .  The t a b l e  shows t h a t  carbon and 
l imes tone  ca r ryove r  l o s s e s  were 12% and 55%,  r e s p e c t i v e l y .  
34% more than  t h e  l o s s  a t  8 f t / s e c ,  r e s p e c t i v e l y .  

These a r e  about  50% and 

Reducing f l u i d i z i n g  v e l o c i t y  t o  about 5 f t / s e c  g e n e r a l l y  r e s u l t e d  i n  an  
improvement i n  s u l f u r  cap tu re .  Th i s  was due t o  s m a l l e r  l imes tone  f eed  s i z e  and 
lower e l u t r i a t i o n  l o s s  (Table  2).  
40%. 

I n  a d d i t i o n ,  spen t  bed l ime u t i l i z a t i o n  reached 
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Table 1 

Comparison of  Sulfur Capture Efficiency and NOK Emissions 
for 8 ftlsec and 12 ftlsec Fluidizing Velocities 

Under Similar Conditions of: 1) Non-Recycle and 2) Ca/S : 2.4 - 2.8 

Item - 
%SO2 Capture 

Combustion Efficiency - Z 
NOx - ppm 
co - ppm 

Bed Voidage 

Limestone Feed Sire 
(weight mean average) 

Spent Bed Sire 
(weight mean average) 

Spent Bed Lime Utilization - X 

Elutriation of Available 
Lime Per Limestone Feed 

Elutriation of Carbon 
Per Carbon Feed From Coal 

Fluidizing Velocity 

8 ftlsec 1 2  ftlsec 

78.5 4 6 . 2  

9 2  88 

2 8 5  158 

1 0 6  1 6 9 6  

0 . 6 2  0 . 7 2  

2 9 0 8 p  9 8 4 P  

233711 127911 

29  31 

41 55 

8 I 2  

Table 2 

for 5 ftlsec and 8 ft/sec Fluidizing Velocihs 
Under Similar Conditions of: 1) Non-Recycle and 2) Ca/S : 1.6 - 1.8 

Comparison of Sulfur Capture Efficiency and NO Emissions 

Item - 
XS02  Capture 

Combustion Efficiency - % 

Spent Bed Lime Utilization - X 

Z Carbon in Carryover 
Per Carbon Feed 

NOx - 1bIHKb 
Bed Voidage 

Limestone Feed Size 
(weight mean average) 

Spent Bed Size 
(weight mean average) 

CO in Stack Gas - ppm 

Fluidizing Velocity 

5 ftlsec 8 ftlsec 

58 54 

9 4  9 2  

40 3 3  

7.7 9 . 6  

0 . 2 2  0 . 3 9  

0.55 0.66 

815p 1 2 o o p  

9 2 3 p  82411 

173 1 2 6  

I 
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Fly  Ash Recycle 

Opera t ion  of t h e  6 '  x 6 '  s i n c e  May 1979 has  emphasized f l y  a s h  r e c y c l e  
ope ra t ion .  Recycle  has  g e n e r a l l y  improved s u l f u r  c a p t u r e  as shown on F igu re  6. 
Gene ra l ly  speaking ,  f o r  a g iven  test c o n d i t i o n  and  a narrow range  of l imes tone  t o  
c o a l  f eed  r a t e ,  one e x p e c t s  t h e  t o t a l  a v a i l a b l e  mole of ca l c ium t o  each  mole of c o a l  
s u l f u r  t o  i n c r e a s e  a s  t h e  r e c y c l e  r a t i o  ( r e c y c l e  r a t e / c o a l  r a t e )  i n c r e a s e s  (F igu re  
7a) .  The t o t a l  a v a i l a b l e  ca l c ium o x i d e  i s  d e f i n e d  as t h e  combined ca lc ium ox ide  
from t h e  l imes tone  f eed  and t h e  u n r e a c t e d  ca l c ium o x i d e  i n  t h e  r e c y c l e  stream; i t  i s  
d e s i g n a t e d  a s  (CaO)R + (CaO)L. 
t h e  l imes tone  f e e d  rate or t h e  r e c y c l e  r a t i o .  

The a v a i l a b l e  ca l c ium ox ide  can  change by va ry ing  

F igu re  7b is a p l o t  of t h e  expec ted  t r e n d  o f  t h e  e f f e c t  of r e c y c l e  r a t i o  on 
s u l f u r  c a p t u r e  f o r  two d i f f e r e n t  Ca/S f eed  ra t ios .  I d e a l l y ,  f o r  a g iven  set  of 
c o n d i t i o n s ,  s u l f u r  c a p t u r e  shou ld  i n c r e a s e  w i t h  i n c r e a s i n g  r e c y c l e  r a t i o  due t o  an  
i n c r e a s e  i n  t h e  t o t a l  a v a i l a b l e  ca l c ium- to - su l fu r  r a t i o .  The rate of i n c r e a s e  i n  
s u l f u r  c a p t u r e  ( s l o p e  of t h e  c u r v e )  w i l l  g r a d u a l l y  d imin i sh  as t h e  r e a c t i v i t y  of t h e  
r e c y c l e d  lime d e c r e a s e s  due t o  h i g h e r  ca lc ium u t i l i z a t i o n .  As t h e  cu rve  beg ins  t o  
l e v e l  o f f ,  a p o i n t  is reached  beyond which any f u r t h e r  i n c r e a s e  i n  t h e  r e c y c l e  r a t e  
h a s  l i t t l e  b e n e f i t  on s u l f u r  c a p t u r e .  The r e c y c l e  r a t i o  f o r  which t h i s  o c c u r s  
shou ld  i n c r e a s e  a s :  

1. The p a r t i c l e  s i z e  of t h e  r e c y c l e  s t r eam d e c r e a s e s  s i n c e  t h e  smaller 
lime s i z e  r e s u l t s  i n  b e t t e r  r e a c t i v i t y  a t  h i g h e r  ca lc ium u t i l i z a t i o n  
l e v e l s .  

2. The l i m e s t o n e  f eed  ra te  i n c r e a s e s  ( h i g h e r  Ca/S r a t i o ) .  High 
l i m e s t o n e  f e e d  r a t e s  g e n e r a l l y  r e s u l t  i n  g r e a t e r  e l u t r i a t i o n  of 
f r e s h l y  c a l c i n e d  l imes tone .  T h i s  h e l p s  t o  i n c r e a s e  t h e  r e a c t i v i t y  of 
t h e  r e c y c l e  stream, t h u s  promot ing  SO2 cap tu re .  

3. The r e a c t i v i t y  of r e c y c l e d  lime improves.  The improvement can be 
ach ieved  through e i t h e r  g r i n d i n g  o r  p a r t i a l  hydra t ion .  

The r e c y c l e  a n a l y s i s  was conducted  by f i r s t  choos ing  a l l  tests w i t h  and  wi thout  
The d a t a  were compared by r e s t r i c t i n g  t h e  Ca/S f e e d  r a t i o s  t o  narrow r e c y c l e .  

ranges .  F igu re  8 shows t h a t  t h e  a v a i l a b l e  ca lc ium-to-su l fur  r a t i o ,  [(CaO) + 
(CaO),l/S, i n c r e a s e s  d r a m a t i c a l l y  as the  recyc le- to- feed  r a t i o  i s  inc reaseh .  
9 shows the e f f e c t  o f  r e c y c l e  on s u l f u r  c a p t u r e  a t  t h r e e  Ca/S r a t i o s .  F igu re  10 
shows t h a t  90% s u l f u r  c a p t u r e  can  be  ob ta ined  a t  a recyc le- to-coa l  r a t i o  of about  
1.3 w i t h  a Ca/S f e e d  r a t i o  of 2.5 - 2.9. 

F igure  

By e x t r a p o l a t i o n ,  a r e c y c l e  r a t i o  of abou t  4 - 5 w i l l  be r e q u i r e d  a t  a Ca/S 
f e e d  r a t i o  of 1.5 - 2.0. 

F igu re  1 1  shows s u l f u r  c a p t u r e  as a f u n c t i o n  of f l u i d i z i n g  v e l o c i t y  f o r  both 
t h e  non-recyc le  and r e c y c l e  o p e r a t i n g  c o n d i t i o n s .  Note t h e  s i g n i f i c a n t  dec rease  
(approximate ly  20 percen tage  p o i n t s )  i n  s u l f u r  c a p t u r e  f o r  t h e  h igh  f l u i d i z i n g  
v e l o c i t y  ( 1 2  f t / s e c )  tests as compared t o  t h e  8 f t / s e c  tests. 
t h i s  r e d u c t i o n  i s  a t t r i b u t e d  t o  t h e  i n c r e a s e d  f r e e b o a r d  combustion. Th i s ,  of 
c o u r s e ,  causes  more s u l f u r  release i n  t h e  f r eeboa rd .  

The major r eason  f o r  
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NITROGEN O X I D E  REDUCTION 

Single-Stage  Combustion 

The mechanism of NO fo rma t ion  i n  a n  AFBC u n i t  is ex t r eme ly  compl ica ted ,  
i n v o l v i n g  t h e  format ion  2nd d e s t r u c t i o n  of NO th rough v a r i o u s  chemica l  r e a c t i o n s  
t h a t  occu r  i n  the  bed and i n  t h e  f r eeboa rd .  
d e v o l a t i z a t i o n  ra te  and i t s  v o l a t i l e  c o n t e n t ,  e x c e s s  a i r ,  bed t empera tu re ,  CO and 
SO2 c o n c e n t r a t i o n s  i n  t h e  emuls ion  phase ,  and t h e  bed hydrodynamics. 

Thus, it depends upon t h e  c o a l  

A t  0 f t / s e c  f l u i d i z i n g  v e l o c i t y ,  N O  emis s ions  were g e n e r a l l y  i n  t h e  300 ppm - 
was found t o  change w i t h  t h e  Ca/S f e e d  400 ppm range. However a t  5 f t / s e c ,  t h e 5 0  

f o l l o w i n g  mechanisms as noted  by Exxon [ I ] :  
\ r a t i o  a s  shown on  F igure  12. It  is b e l i e v e 3  t h a t  t h i s  e f f e c t  i s  a r e s u l t  of t h e  

3 C a O  + S O 2  -+ CaSO 

CaS03 + 2NO -+ CaS03 (NO)2 

CaS03 -+ CaS04 + N 2  + 1 / 2  O 2  

I 

As po in ted  ou t  by Exxon's s tudy ,  t h e  above mechanisms cou ld  only  occur  i n  t h e  
presence  of s u l f a t e d  lime and wi th  a d e f i c i t  of oxygen. The ra te  of NO r e d u c t i o n  
was found t o  be d i r e c t l y  p r o p o r t i o n a l  t o  c o n c e n t r a t i o n s  of bo th  NO and 50, i n  t h e  
gas  phase  as fo l lows :  

- = K (S02)m 
W d t  

Where W is t h e  bed weight  and n has  a v a l u e  between 0.53 - 0.67 f o r  t h e  
t empera tu re  range  of 1400' - 1600°F. 
t o  provide  an e x p l a n a t i o n  t o  our o b s e r v a t i o n  f o r  t h e  low v e l o c i t y  tests. I t  i s  
g e n e r a l l y  be l i eved  t h a t  t h e  r e l a t i v e l y  s m a l l e r  s p e n t  bed s i z e  i n  t h e s e  t es t s  
r e s u l t e d  i n  a f a s t  bubbl ing  bed wi th  t h e  r e l a t i v e  e x c e s s  gas  v e l o c i t y  (U - U 
r ang ing  from 8 t o  1 2 .  
bypass  t h e  emuls ion  phase  v i a  t h e  bubble  phase ,  r e s u l t i n g  i n  a reducing  atmosphere 
i n  t h e  emulsion phase t h a t  enhanced t h e  N O  r e d u c t i o n  through t h e  mechanisms 
proposed  by Exxon. 

The proposed mechanisms q u a l i t a t i v e l y  appea r  

) / u  rnf ' Consequently,  a m a j o r i t y  of oxygen a l o n g  wi th  a i r  W O U ~  

The NO emis s ion  d a t a  t aken  from non-recyc le  t e s t s  w i t h  Ohio t 6  c o a l  and  
8 f t / s e c  f l c i d i z i n g  v e l o c i t y  appeared  r e l a t e d  t o  t h e  o p e r a t i n g  excess  a i r .  However, 
t h e  r e s u l t s  were q u i t e  s c a t t e r e d ,  e s p e c i a l l y  a t  l e v e l s  below 25% excess  a i r  (F igu re  
13).  These s c a t t e r e d  NO d a t a  were found t o  be a s s o c i a t e d  s t r o n g l y  t o  t h e  e x t e n t  of 
t h e  reducing  c o n d i t i o n  1:: AFBC where t h e  NO l e v e l  was u s u a l l y  below 200 ppm i f  the  
CO c o n c e n t r a t i o n  i n  t h e  s t a c k  gas  exceeded 200 ppm ( F i g u r e  14) .  F u r t h e r  a n a l y s i s  of 
t h e  d a t a  i n d i c a t e d  t h a t  t h e  h igh  NO emis s ions  were a s s o c i a t e d  c l o s e l y  w i t h  t h e  bed 
voidage ,  where t h e  e f f e c t  became mole pronounced a t  h i g h e r  o x i d i z i n g  c o n d i t i o n s  
( F i g u r e  15). 

The e f f e c t  of carbon l o a d i n g  i n  t h e  f r e e b o a r d  on NOx r e d u c t i o n  was q u i t e  
e v i d e n t  a t  a h igh  f l u i d i z i n g  v e l o c i t y  ( 1 2  f t / s e c )  and a r e c y c l e  r a t i o  o f  1.0 - 1.4. 
A r e d u c t i o n  Of NO 
16) as carbon l o a 2 i n g  i n c r e a s e d  from 14% t o  19%. 

emiss ions  from 0.43 t o  0.23 l b / m i l l i o n  Btu was observed  (F igu re  
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Two-Stage Combustion 

S taged  combustion has been proposed a s  a means of reducing  NO from an AFBc 
u n i t .  
r e d u c t i o n  wi th  s t ag ing .  However, t h e s e  tests were run i n  sma l l  u n i t s  and only 
o v e r a l l  e f f e c t s  were measured. 
r e d u c t i o n  and performance v a r i a b l e s ,  t h e  6 '  x 6 '  AFBC f a c i l i t y  was modified t o  aylow 
a i r  i n j e c t i o n  a t  an e l e v a t i o n  of 96 i n c h e s  above t h e  d i s t r i b u t o r  p l a t e .  
e l e v a t i o n  was chosen based on d a t a  from p rev ious  tests [21.  Two i n j e c t i o n  p o r t s  -- 
on oppos i t e  w a l l s  of t h e  u n i t  -- were i n s t a l l e d  wi th  v a l v e s  t o  c o n t r o l  flow and a n  
o r i f i c e  t o  measure flow. 

Seve ra l  i n v e s t i g a t o r s  [ 2 ,  3, and 41 have conducted t e s t s  to 'quantify t h e  NO 

To a i d  i n  e v a l u a t i n g  t h e  e f f e c t  of s t a g i n g  on NO 

This 

Tes t s  were conducted a t  t h e  c o n d i t i o n s  l i s t e d  i n  Table  3. 

Table 3 

Summary of  Operating Conditions and Measured Performance Variables 

ConditionIVariable 

Bed Temp, *F 

Bed Height - inches 

Superficial  Velocity - f t l s e c  

Coal Feed - lb lhr  

CaIS Ratio 

Recycle - lb lhr  

In-Bed Air Flov - lb lhr  

Overbed Air Plov - lblhr 

Flue Gas 

o2 - x 
SO2 - ppm 

NOx - ppm 

CO - ppm 

Sulfur Capture - 2 

Combustion Eff ic iency - I 

la 

1564 
51.8 
7.3 

1887 
2.7 

2560 

19500 
0 

- 

2.9 
170 
208 
416 

91.6 
98.1 

Ib 

1546 
52.5 
8.0 

2042 
2.7 

2680 
21500 

0 

- 

2.9 
265 
185 

372 
86.1 
97.4 

2a 

1544 
50.0 
7.1 

2070 
2.1 

2800 
19400 
2300 

- 

2.9 
562 
247 
195 

77.1 

96.8 

Test - 
2b 

1547 
49.8 
7.1 

2064 
2.5 

2920 
19400 
2300 

- 

3.1 
527 
203 
175 

75.1 
96.7 

3a 

1512 
47.7 
6.5 
2192 
2.7 
2280 
18300 
4850 

- 

2.9 
46 1 

248 
88 

74.9 
96.0 

3b 

1553 
47.8 
7.0 

2228 
2.5 

2280 
18900 
4670 

- 

2.7 
458 
248 
117 

76. I 
96.1 

A t  each t e s t  c o n d i t i o n ,  g a s  t r a v e r s e s  were made a t  s i x  h e i g h t s  a long  t h e  
c e n t e r l i n e  of t h e  u n i t .  The gas  c o n c e n t r a t i o n  p r o f i l e s  ob ta ined  in-bed (16 inches  
above t h e  d i s t r i b u t o r  p l a t e )  a r e  shown on F igure  17. 
d rop  i n  o t h e r  gas  c o n c e n t r a t i o n s  n e a r  t h e  36-inch i n s e r t i o n  depth.  This  i s  probably 
due t o  the  r e c y c l e  s t ream which is be ing  i n j e c t e d  wi th  t r a n s p o r t  a i r  a t  t h e  36-inch 
d i s t a n c e .  P r o f i l e s  above t h e  bed ( i n  t h e  f r e e b o a r d )  were cons ide rab ly  more uniform. 

An i n t e g r a t e d  average  of t h e  p r o f i l e  ob ta ined  a t  each  e l e v a t i o n  was c a l c u l a t e d .  

Note t h e  peak i n  O2 and the  

Th i s  average  was then  p l o t t e d  ve r sus  d i s t a n c e  above t h e  d i s t r i b u t o r  p l a t e  f o r  CO, 
SO2, and NO 
r e a d i l y  appz ren t  from t h e s e  f i g u r e s .  

a s  shown on F igures  18, 19,  and 20. There a r e  s e v e r a l  p o i n t s  t h a t  a r e  

0 With z e r o  overbed a i r ,  t h e r e  is a s i g n i f i c a n t  r e a c t i o n  o c c u r r i n g  i n  
t h e  f r eeboa rd ,  e.g., r e d u c t i o n  of CO and NO 

Two-stage combustion produces  t h e  expec ted  t r e n d s  i n  reducing  NO 
wh i l e  i n c r e a s i n g  SO2 and CO i n  t h e  bed. 

X. 

0 
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0 The a d d i t i o n  of a i r  a t  t h e  96-inch e l e v a t i o n  a l l o w s  f u r t h e r  
Combustion t o  occur  i n  t h e  f r e e b o a r d ,  t h u s  i n c r e a s i n g  SO2 and  
r educ ing  CO and  NOx. 

Reducing t h e  NOx l e v e l  i n  t h e  bed r educes  NOx t h roughou t  t h e  process .  0 

0 Gas c o n c e n t r a t i o n s  measured a t  t h e  240-inch e l e v a t i o n ,  u s ing  t h e  
f r eeboa rd  sampl ing  system and a n a l y s e r s ,  a g r e e  remarkably  w e l l  w i th  
t h e  similar, bu t  comple t e ly  s e p a r a t e ,  fu rnace  o u t l e t  sys tem and 
a n a l y s e r s .  

F igu re  21 shows a p l o t  of t h e  fu rnace  o u t l e t  NO and  SO gas  c o n c e n t r a t i o n s  a t  2 
t h e  t h r e e  test  c o n d i t i o n s  -- 0%, lo%, and  20% overbe8  a i r .  

CONCLUDING REMARKS 

Twenty-three t es t  series have been completed on t h e  6 '  x 6 '  AFBC Development 
F a c i l i t y  cove r ing  o v e r  7100 hour s  of ope ra t ion .  Data o b t a i n e d  t h u s  f a r  have  c l e a r l y  
shown t h a t  f l y  a s h  r e c y c l e  can  improve combustion e f f i c i e n c y  t o  t h e  l e v e l  needed f o r  
commercial  ope ra t ion .  Recycle a l s o  improves s o r b e n t  u t i l i z a t i o n ,  t hus  r educ ing  the 
l imes tone  needed f o r  s u l f u r  cap tu re .  Measured N O  emis s ion  l e v e l s  from t h e  6' x 6 '  
AFBC u n i t  are well  below c u r r e n t  EPA l i m i t s .  Howgver, two-stage combustion t es t s  
have shown t h a t  NO c a n  be reduced t o  abou t  0.15 l b / m i l l i o n  Btu. A d d i t i o n a l  work 
needs  t o  be complered t o  improve S u l f u r  c a p t u r e  and combustion e f f i c i e n c y  w i t h  
two-stage combustion. 

In fo rma t ion  ob ta ined  t h u s  f a r  has  a l lowed a s i g n i f i c a n t  improvement i n  ou r  
unde r s t and ing  of t h e  AFBC process  and  should  prove u s e f u l  t o  r e s e a r c h e r s  i n  t h i s  
f i e l d .  Fu r the r ,  d e s i g n  of p r o t o t y p e  hardware and o t h e r  equipment deve loped  and 
t e s t e d  on t h e  6 '  x 6 '  should  prove u s e f u l  f o r  commercial  des ign .  
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Figure 6 Sulfur Capture as a Function of  Calcium to Sulfur Feed Ratio 

235 



RECYCLEIFEED 

(11 TOTAL AVAILABLE CALCIUM PER SULFUR RATIO VERSUS RECYCLE RATIO 

,I--- 
/ lDpLl DECREASE OR 

IMPROVED LIME REACTIVITY 

(IGOILBl - HIGH 

IMPROVED LIME REACTIVITY 

[ICA, + IC&lR!A 

(bl EFFECTS OF THE TOTAL AVAILAILE CALCIUM PER SULFUR RATIO ON PERCENT SO2 CAPTURE0 

Figure 7 Effect of Recycle on Sulfur Capture 

SUPERFICIAL GAS VELOCITY: B FTBEC 
ALL RECYCLE TESTS 
BED TEMP 150&15W°F 

Gd: 0 3 . 2 - 3 1  
n 2 . s  - 2.9 
01s-2.0 

15 

0.000 0.200 0.400 0.800 OdOD 1.W 1.m 

RECYCLEIFEED RATIO 

Figure 8 Effect of Recycle on the Available Calcium to Suiiur Ratio 

2 3 6  



100 - 

Y 

3 
t 
5 8 0 -  

0, 

E! w 

2 z 
e 

40 

SUPERFICIAL GAS VELOCITV 8 FTlSEC 
ALL RECYCLE TESTS 
I E O  TEMP: 15W-1690aF 

W; 0 3.2 - 3.5 
A 2.6 -1.9 
0 1.8-20 

A-A- .-- A >/- A 80!)>H A 

A 0 
A P 0 

SUPERFICIAL GAS VELOCITY: B FT/SEC "V ALL RECYCLE TESTS 
BE0 TEMP: lSW-16W"F 

UJ: 0 3.2-3.8 
A 2.6 - 2.9 
0 1.6 - 2.0 

' 1 # 1 1 ' * 1 ' 1 ' ) 1 1 1  

[ l a o l L  + tcalRys 

Figure 9 Effect of Available Calcium to Sulfur (Recycle) on Sulfur Capture 

a 100 

m 

237 



0 I I I I I I 

2 4 (I I IO 12 

SUPERFICIAL VELOCITY - FTBEC 

Figure 11 Sulfur Capture as a Function of Fluidizing Velocity 

I 
' . g.m 

2M 

1w 

Sml I 

- 0 NO RECYCLE 
A RECYCLE 

1 
0 

L I I I I 

LOW GAS VELOCITY I 6 FTlSEC 

AA !A I OHIO # E  COAL 

A SUPERFICIAL GAS VELOCITY - 8 FTlSEO 

% 
n 

A A  
b 

10 16 20 26 39 s 4a 46 

EXCESS AIR - PERCENT 
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